The assembly of higher-order chromatin structures has been linked to the covalent modifications of histone tails. We provide in vivo evidence that lysine 9 of histone H3 (H3 Lys9) is preferentially methylated by the Clr4 protein at heterochromatin-associated regions in fission yeast. Both the conserved chromo-and SET domains of Clr4 are required for H3 Lys9 methylation in vivo. Localization of Swi6, a homologue of Drosophila HP1, to heterochomatic regions is dependent upon H3 Lys9 methylation. Moreover, an H3 specific deacetylase Clr3 and a β-propeller domain protein Rik1 are required for H3 Lys9 methylation by Clr4 and Swi6 localization. These data define a conserved pathway wherein sequential histone modifications establish a 'histone code' essential for the epigenetic inheritance of heterochromatin assembly.
The organization of the higher-order chromatin structure has been linked to the post-translational modifications of histone tails, including acetylation, phosphorylation and methylation (1) . It has been suggested that distinct combinations of covalent histone modifications, also referred to as the 'histone code', provides a 'mark' on the histone tails to recruit downstream chromatin-modifying proteins (2, 3) . This is best illustrated by recent studies indicating that the conserved bromodomain of several transcriptional coactivators bind specifically to acetylated lysine residues on histone tails (4, 5) . The mechanisms responsible for the establishment and maintenance of multiple covalent modifications within the same or different histone tail are not fully understood.
Modifications of histone tails have also been linked to heterochromatin assembly. Histones H3 and H4 are largely hypoacetylated in heterochromatic chromosomal regions in organisms as diverse as yeast, flies and mammals (6) (7) (8) . In fission yeast, hypoacetylation of histones is associated with the silent mating-type region and centromeres (9, 10) , chromosomal domains that share many parallels with heterochromatic regions in higher eukaryotes (11) . Centromeric regions comprising a central core of unique sequences surrounded by inner (imr) and outer (otr) repeats are assembled into silenced chromatin structures (12) . Similarly, a large ~15-kb chromosomal domain at the matingtype (mat2/3) region, including the mat2 and mat3 loci and an interval between them, known as the K-region, is maintained in a silent epigenetic state (13, 14) . Among the trans-acting factors that affect silencing at these regions, Clr3 and Clr6 belong to family of histone deacetylases (HDACs) (15) . Swi6 and Clr4 proteins contain a chromodomain, an evolutionarily conserved motif initially identified in HP1 and Polycomb proteins (16) (17) (18) . Recently, both Clr4 and its mammalian counterpart, SUV39H1, have been shown to possess intrinsic histone H3-specific methyltransferase (HMTase) activity in vitro (19). However, it is not known whether histones are the physiological targets of these methyltransferases in vivo.
Consistent with previous findings, recombinant Clr4 (rClr4) was found to contain HMTase activity exclusively for histone H3 (Fig. 1B) . To identify the specific residue of H3 methylated by rClr4, synthetic peptides derived from the Nterminus of H3 were used as substrates in an in vitro HMTase assay (20, 21) . Clr4 preferentially methylated the H3 1-20 unmodified peptide, but failed to methylate the H3 19-35 unmodified peptide (Fig. 1C) , indicating that the target residue of Clr4 HMTase resides in the first 20 amino acids of H3. To determine this target residue, a synthetic H3 1-20 peptide set was developed that contained covalent modifications on different amino acids. Using these peptides as substrates, only acetyl-or methyl-modifications on Lys9 effectively blocked rClr4 HMTase activity indicating that Clr4, like its mammalian homologue SUV39H1 (19), selectively methylates Lys9 of H3. Furthermore, similar to SUV39H1, rClr4 HMTase activity was inhibited by phosphorylation of serine 10 (Fig. 1C ). These results demonstrate that enzymatic features of the Su(var)3-9 protein family are evolutionarily conserved from yeast to humans.
A recent study demonstrated that the conserved SET domain and two flanking cysteine-rich regions were required for SUV39H1 HMTase activity in vitro (19). To determine whether the conserved domains, the chromo, SET and cysteine-rich regions, were also critical for Clr4 HMTase activity, mutant Clr4 proteins were tested for HMTase activity. While mutations in the chromodomain (W31G and W41G) had little effect on Clr4 HMTase activity, mutations in the SET domain, (G378S) and both cysteine-rich regions (R320H and G486D) greatly reduced Clr4 HMTase activity indicating that these three regions are critical for Clr4 HMTase activity in vitro ( Fig. 1A and B) .
To test the hypothetical correlation between H3 Lys9 methylation and silencing, an H3 Lys9-methyl specific antibody was developed. In an ELISA, the H3 Lys9-methyl antibody specifically recognized the H3 1-20 Lys9-methyl peptide in a wide range of antibody dilution (22) . Moreover, the H3 Lys9-methyl antibody did not detect recombinant histone H3 (rH3) alone compared to the HeLa core histone positive control, but did detect rH3 selectively methylated by rClr4 ( Fig. 2A) , further demonstrating the specificity of this antibody. Using this antibody in chromatin immunoprecipiation (ChIP) experiments (10) (Fig. 2B) (Fig. 2C) . Similarly, H3 Lys9 methylation was also preferentially enriched at the ura4 + marker inserted within the highly repressed inner most repeat (imr1R::ura4 + ) and the outer repeat (otr1R::ura4 + ), but not at the weakly repressed central core (cnt1::ura4 + ) of cen1 (Fig. 2D ). In addition, H3 Lys9 methylation coincided with the presence of Swi6 at these regions ( Fig. 2D) (23) . These findings suggest that H3 Lys9-methyl modification and Swi6 are preferentially localized to silent chromosomal regions and that Swi6 localization is functionally dependent upon H3 Lys9 methylation.
We next sought to determine the biological effect of Clr4 on H3 Lys9 methylation and Swi6 localization at mat2/3 region and centromeres. Compared to the relatively high levels of Swi6 and H3 Lys9 methylation at both Kint2::ura4 + and otr1R::ura4 + in wild-type cells, Swi6 and H3 Lys9 methylation were absent in a clr4¨ strain at both loci ( Fig. 3A and B). This result suggests that H3 Lys9 is the physiological target of Clr4 HMTase activity and that Clr4 appears to be the exclusive in vivo H3 Lys9-specific HMTase at mat and cen loci. In comparison to our in vitro result showing that only SET domain is required for Clr4 HMTase activity (Fig. 1B) , we found that both the chromo-and SET domains are required for H3 Lys9 methylation and Swi6 localization in vivo ( Fig. 3C and D) . Taken together, these results indicate that the chromodomain is presumably required for targeting Clr4 to the mat2/3 region and centromeres, while the SET domain and associated cysteine-rich regions of Clr4 constitute the catalytic site.
Remarkably, the Swi6 levels at mat and cen in different clr4 mutant backgrounds were directly correlated with H3 Lys9 methylation levels ( Fig. 3C and D) , further suggesting that Swi6 localization at silent chromosomal domains is functionally dependent on H3 Lys9 methylation. The importance of our in vivo analyses was further highlighted by observations that mutations in Clr4 that decrease its HMTase activity in vitro do not significantly decrease H3 Lys9 methylation and Swi6 localization in vivo. In addition, mutations in the SET domain and the N-terminal cysteinerich regions of Clr4 (G378S and R320H) greatly reduce H3 Lys9 methylation and Swi6 localization at the mat locus, however, these mutations have moderate or negligible effects at cen1 (Fig. 3C and D) . These mutations also have weak effects on centromeric silencing compared to mating-type silencing. Our results are consistent with the notion that enzymatic defects displayed by recombinant monomeric proteins in vitro can be "rescued" by functioning in the context of a multi-subunit complex in vivo. Moreover, the functional organization of the mat2/3 region and centromeres may differ and that an additional factor(s) may help promote Clr4 activity at centromeres.
Mutations in the clr3 HDAC, that specifically deacetylates H3 Lys14 (24) , affects silencing at mat and cen (12, 15) . ChIP analysis demonstrated that a clr3-735 mutant partially defective in H3 Lys14 HDAC activity (24) displayed a moderate decrease in H3 Lys9 methylation and Swi6 localization at otr1::ura4 + (Fig. 4A) , coincident with the apparent reduction in its HDAC activity. This result suggests that H3 Lys14 acetylation inhibits Clr4 HMTase in vivo. To further investigate the functional interaction between Clr3 and Clr4, a double mutant strain was created containing the clr3-735 and clr4R320H mutations, a clr4 mutation that had the least effect on H3 Lys9 methylation at otr1R::ura4 + (Fig.  3D ). ChIP analysis of the double mutant demonstrated that H3 Lys9 methylation and Swi6 localization were nearly abolished when compared to the single mutants (Fig. 4A) . These findings indicate that Clr3 acts synergistically with Clr4 to effectively localize Swi6 to heterochromatin. In other words, deacetylation of H3 Lys14 by Clr3 is required for H3 Lys9 methylation by Clr4 and for Swi6 localization either indirectly, by altering Clr4 activity, or directly or both. These data also support the theory that residues neighboring Lys9, and potentially their modification states, play a significant role in establishment of the appropriate H3 Lys9-methyl mark.
Previous studies have shown that rik1 + affects silencing as well as Swi6 localization at silent loci (12, 25) (Fig. 4B) . WD-40 proteins are involved in many aspects of chromatin remodeling and histone metabolism, such as chromatin assembly and acetylation or deacetylation of histones (27) . Therefore, the β-propeller domains of Rik1 may form a complex with Clr4 to recruit its HMTase activity to heterochromatic regions and may play a role in coupling other trans-acting factors, such as Swi6 and histone deacetylases.
The possible role of Swi6 on Clr4-dependent methylation of H3 Lys9 was also tested. Strains carrying swi6-115 (W269R) mutation that severely reduced Swi6 protein levels were used. As expected, Swi6 localization at both mat and cen was abolished as demonstrated by ChIP analysis (Fig.  4C) . Interestingly, the swi6-115 mutation did not cause any detectable change in H3 Lys9 methylation when compared to the wild type strain. These data indicate that Swi6 is dispensable for Clr4 function and suggest that Swi6 acts downstream of Clr4 H3 Lys9 methylation.
Collectively, the above results allow us to define a temporal sequence of events leading to establishment of the silenced chromatin-state with regard to the covalent modifications of the H3 N-terminal tail (Fig. 5) . We propose that HDACs and HMTases act cooperatively to establish a 'histone code' that is then recognized by Swi6. More specifically, we propose that the HDACs, Clr6 and/or Hda1, deacetylate H3 Lys9, while Clr3 deacetylates H3 Lys14 prior to H3 Lys9 methylation by the Clr4/Rik1 HMTase complex. Swi6 binding to the H3 Lys9-methyl modification would then result in self-propagating heterochromatin assembly (10) . Since the heterochromatin-binding domain of Swi6 was mapped to its chromodomain (28) , it is most likely that this protein motif has evolved to recognize the H3 Lys9-methyl modification.
It was recently shown that Swi6 remains associated with the mat2/3 region throughout the cell cycle where it acts as an important determinant of the epigenetic cellular memory, promoting inheritance of the silenced state (10) . Since the mouse homologue of Swi6, M31, associates with Su(var)3-9 (29), a similar interaction between Clr4 and Swi6 is predicted. The close association of Clr4 enzymatic HMTase activity, followed by recruitment and binding of Swi6 to Lys9 methyl 'marks' in H3 via its chromodomain suggest a pathway of epigenetic inheritance. The extent to which the chromodomain of Clr4 recognizes H3 Lys9-methyl 'marks' is unknown, but it would provide the enzyme a means to bind chromatin as it performs subsequent methylation events. Based on the conservation of Clr4/SUV39H1 and Swi6/HP1 proteins and the presence of H3 Lys9-methyl modification in higher eukaryotes (C.D.A, unpublished; Fig. 2A ), we predict that a similar mechanism may be responsible for higher-order chromatin assembly in organisms ranging from fission yeast to humans. Considering the parallels between transcriptional repression by Polycomb group proteins in flies and mammals and silencing in fission yeast, it is likely that histone methylation coupled with histone deacetylation may help localize Polycomb in pathways that lead to the regulation of homeotic gene expression (22) Recombinant histone H3 (rH3) was incubated alone or in the presence of rClr4 (rH3+Clr4) in an HMTase assay. The samples, including the HeLa core histone positive control, were separated by SDS-PAGE, transferred to a PVDF membrane and visualized by Ponceau staining (lower). Western blot analysis using the H3 Lys9-methyl antibody is shown (upper). (B) DNA isolated from immunoprecipitated chromatin (ChIP) or whole cell extracts (WCE) was quantitatively analyzed using a competitive PCR strategy, whereby one set of primers amplifies a 694 bp and a 426 bp size products from ura4 + at silenced loci and the control ura4DS/E mini-gene at the endogenous location, respectively. PCR fragments were resolved on polyacrylamide gel and then quantified using phosphoimager. + insertion sites (upper). Levels of H3 Lys9 methylation and Swi6 at the three insertion sites were determined by ChIP analyses (lower). Expression of ura4 + markers was assayed using serial dilution plating assay. 
